The joining of wrought magnesium alloy AZ31 and commercially pure aluminum A1100 plates was performed using explosive welding technique. Several welds were made by changing the experimental parameters. Optical microscopy and scanning electron microscopy were employed to observe the morphological and microstructural variations at the interface boundary. The geometry of the interfacial profile varied from smooth to rippled form with increase in the level of kinetic energy delivered to the bonding zone. The microstructure at the boundary was free of porosity and showed unique diffusionless dissimilar bonding. Localized zones of solidified melt in some cases were observed in the vicinity of the bonding line of the wavy-interfaced welds. Elemental analysis revealed the complex intermixed microstructure of these regions, accompanying with compositional variation due to formation of the metastable intermetallic phase Al 2 Mg. The bonding strength of the welds, evaluated through shear tests, confirmed the high quality of the joints produced. Based on the experimental results the lower limit of the welding parameters which ensure achieving a satisfactory joint is proposed.
Introduction
The weight reduction demand, in particular in the context of energy savings and recyclability for environmental conservation, has drawn the attention towards extensive aluminum (Al) and magnesium (Mg) alloys substitution. Specifically, research and development on Mg based materials have been placed at the center of focus. Mg and its alloys exhibit a combination of high specific strength, excellent machinability and castablity, high damping capacity and dimensional stability as well as good recyclability.
However, Mg alloys generally have low ductility and impact toughness. In addition, Mg has undesirable properties like high chemical reactivity and poor corrosion and wear resistance. Resolving these problems for realizing of the widespread use and versatile application of Mg alloys is of primary importance. In this respect, joining of Mg alloys to other light metals, which allows combining the beneficial advantages of each component, can be a promising solution to the aforementioned problems. Al is one of those candidates, which demonstrates excellent ductility and high capacity for plastic deformation and in combination with Mg can serve as a buffer of plasticity. Furthermore, the surface of Al is covered with a stable oxide film which can offer protection against corrosion. Besides, joining of Mg and Al alloys is of great significance for an optimal engineering design of complex light weight structures.
In the recent attempts to join Mg and Al alloys by means of fusion based methods such as laser welding 1) or solid state welding processes like friction stir welding 2) or vacuum diffusion bonding, 3) the formation of brittle intermetallic phases at the interface was the major obstacle encountered. In this research, the explosive welding (EXW) of Mg alloy AZ31 and commercially pure Al A1100 is explored. EXW, 4) which has been classified as a solid state welding method, enables continuous surface joining of virtually any metal combination in the planar or tubular configurations. In the literature, there are only few researches dealing with EXW of Mg alloys. 5) On the other hand, in applying EXW method for welding Al-Mg alloys, degradation of weld interfacial microstructure was encountered and the segregation of Mg was accounted for such a negative effect.
6) The results of the present research demonstrate that a good bonding can be achieved between AZ31 and A1100 using EXW. Through a series of experiments, the welding parameters are changed to find the optimum regimes of EXW for this combination. The integrity of A1100-AZ31 interfacial zone is investigated by means of metallurgical instrumentations and conducting shear tests. Based on the characterization results the optimum welding conditions are proposed.
Experimental
Commercially pure Al JIS A1100 (>99 mass% Al), 5 mm thick and AZ31 Mg alloy (2.5-3.5 mass% Al, 0.7-1.3 mass% Zn, <0:2 mass% Mn and the balance Mg), 6 mm thick plates are selected for welding. Prior to welding, a solution heat treatment (723 K, 5.4 ks) was performed on AZ31 to homogenize its metallurgical structure and improve its impact toughness which is of great importance for EXW process.
7)
The EXW experiment scheme and the parameters involved are represented in Fig. 1 . A flyer plate, which is initially positioned parallel to a base plate at a stand-off distance SOD, is propelled by the sliding detonation of an explosive and upon high velocity collision on the base plate welding occurs. The powder explosive PAVEX (density ¼ 550 kgÁm À3 , Asahi Chemicals Corp., Japan), was used in the experiments. The detonation rate of the explosive D can be manipulated by changing the explosive layer thickness T E . A minimum explosive thickness of T E ¼ 15 mm is required for providing stable detonation conditions. The calculations regarding detonation velocity D and flyer plate velocity V P were done according to Ref. 8) . In the conducted experiments, 150 mm long Â 60 mm wide A1100 and AZ31 specimens were used as flyer and base plate, respectively, in which the detonation direction was parallel to the longitudinal direction of the plates. The experimental conditions are given in Table 1 .
Following the EXW, sections of the obtained welds were cut from the center in the welding direction and perpendicular to the plane of the plates and the metallographic and shear test specimens were prepared. The interface of the samples was observed using optical microscope. The elemental analysis was performed using a JEOL scanning electron microscope (SEM) machine equipped with energy dispersive spectrometry (EDS) instrument. The intermixed regions were further subjected to x-ray diffractography (XRD) using Cu-K 1 radiation. The Vickers hardness profile was measured trough the cross section of the samples, by at least 5 measurements at the same specified distance from the interface and as well, locally, in the regions containing intermixed phases using 0.098 N load for 5 s. The static shear strength was measured using a shear test fixture on a Shimadzu DSS-10T tensile test machine (crosshead speed = 0.2 mmÁmin À1 ). The shearing surface, which was coincident with the weld interface of the samples, was 10 mm Â 10 mm in dimensions. The bonding strength was evaluated both in and transverse to the direction of welding.
Results and Discussions
In the EXW process, the kinematical parameters such as contact point velocity V C , flyer plate velocity V P and collision angle ( Fig. 1) , have significant effects on the morphological and metallurgical characteristics of the resulting weld. From the literature 4) it is known that the detonation velocity D must be lower than the sound speed C in the colliding materials to achieve welding. Since the detonation velocity D of the explosive used was in the range 1900-2400 mÁs À1 (less than or close to half of the sound velocity C in Al and Mg), this condition is fulfilled. However a minimum collision angle must also be exceeded in order to allow thin layers of the colliding plates to be ejected forward in the form of a jet. In such a situation, atomistically clean surfaces are brought within intimate contact, which can result in the metallurgical bonding in the solid state. In the experiments #1 and #2, no welding occurred between A1100 and AZ31, which was due to low impact angle . The characteristics of the welded samples are discussed below. Analysis of Explosively Welded Aluminum-AZ31 Magnesium Alloy Joints Figure 2 compares the representative optical micrographs of the samples obtained with different flyer plate velocities and collision angles (experiments #3, #7 and #10). It can be observed that the profile of the interface transforms from smooth to wavy, depending on the kinematical parameters of the collision. Cowan et al., 9) stated that, for a given material combination, the transition from waveless to wavy interface, within a certain degree of uncertainty, occurs at a specific collision point velocity V C , independent of the collision angle . They have concluded that this critical velocity V T can be found from V Fig. 2(a) 10) postulation that for each collision velocity V C , the wavy-waveless transition takes place at a specific collision angle .
Morphology of the weld interface
With the increase in the velocity of the flyer plate V P the size of the waves increases but the ratio of wave amplitude a to wavelength remains in the range of 0.2 to 0.25 which is close to the well known von Karman vortex street stable spacing ratio of a= ¼ 0:28. For the welds with rippled interface the waves are asymmetric and have spikes pointing toward the A1100 layer. This asymmetric appearance is believed to be due to the density difference of the parent materials. Reid 11) based on vortex shedding theory and Gordopolov et al.
12) based on the ideal incompressible fluid dynamic model, treated the problem of collision of materials with different densities and showed that the sharper side of the waves point towards the denser layer.
Another phenomenon observed at the interface of the welds obtained with higher kinetic energy of the flyer plate E K , is the formation of eddy regions or vortices close to the ascending part of the waves. Figure 3 details such an eddy region formed at point X indicated in the micrograph shown in Fig. 2(c) . The development of these regions could be elucidated, in view of the mechanism underlying wave formation. The results are in line with the so-called vortex shedding theory of wave formation, 9) which has been widely paid attention. This theorem predicts the formation of eddies for the Reynolds numbers beyond R T . The formation of the observed vortices in the present experiments could be well interpreted based on the re-entrant jet indentation mechanism, a qualitative postulate due to Bahrani et al., 13) in which, the blocking of the re-entrant jet under the trunk of the hump, formed in the base plate, leads to development of a vortex. Figure 3 demonstrates that the trapped jet comprises thin surface layers, around 40 and 20 mm thick, of flyer plate A1100 and base plate AZ31 respectively, have been swept and swirled behind the adjacent wave in the background of A1100. The metallurgical changes emerged in these vortices deserve close investigations.
Microstructure near the weld interface
The quality of the weld produced through EXW, primarily depends on the state of the interface boundary of the two materials. The most satisfactory situation is to have a metallurgically bonded metal/metal interface where the original wrought conditions of the parent materials is retained, though EXW in essence induces strong plastic deformations particularly near the interface. In the present study, from the optical microscopy analysis, the interface of the samples with smooth bonding line, like that shown in Fig. 2(a) , appeared to be diffusionless and free of voids or degradation of microstructure. In spite of the high temperatures generated at the vicinity of the contact point in a very narrow zone, high velocity of the process and immediate heat transfer to the bulk of the materials which normally are at room temperature, do not allow melting or diffusion. The eddy regions, however, experience evident metallurgical changes. In the photomicrograph shown in Fig. 3 , clear intermixed parts comprising Al and Mg constituents can be observed. The jet, though has a small mass, moves with a velocity twice V C . When the re-entrant jet is trapped behind the hump, its kinetic energy is dissipated during its spiral motion and causes complex intermixing, localized temperature rise and consequently melting which can lead to compositional changes. In Fig. 3 , dispersion of Al and Mg particles confined in a most likely solidified melt matrix is observed.
Further investigations into these vortices were pursued through SEM and EDS analysis. Figure 4(a) shows the backscattered electron image (BSI) of a vortex in which Al is bright and Mg is dark area. In the vortex a mixture phase containing fragments of Al and Mg and microcracks can be found. The microcrack formation is presumably due to the contractions occurring during resolidification. For the same vortex element maps of Al and Mg, collected using EDS, are given in parts (a) and (b) of Fig. 4 . The red and black areas represent the high abundance and no concentration of each element respectively. In these element maps, in addition to the island of Al and Mg, a new phase with a concentration of approximately 70 at% Al and 30 at% Mg is observed.
Al and Mg have similar melting points and can form stable intermediate phases seen in their equilibrium phase diagram and in addition several metastable intermetallic compounds. Therefore it is very likely that in the molten pockets of vortices intermediate phases form. The vortex areas were subjected to XRD for more detailed characterization. Figure 5 demonstrates the XRD spectrum, for a vortex zone, in which diffraction peaks associated with the intermetallic phase Al 2 Mg can be detected. This finding is in agreement with the EDS analysis results. Al 2 Mg is a metastable phase with a laves crystal structure, which was first reported by Suryanarayana and co-workers. 14) They found this phase by liquisol quenching of an Al-30 at% Mg alloy. The formation of a metastable phase in the eddy regions is quite reasonable bearing in mind the high cooling rate of the molten area established due to large temperature gradient. The Al 2 Mg phase has the highest ratio of Al to Mg among the Al-Mg intermetallics. The major contribution of Al to the jet provides a situation in favor of such intermetallic formation.
The microhardness measurement made for the vortices reconfirmed the presence of the intermetallic phase within these zones. Figure 6 details the microhardness distribution in such an area. Several hardness measurements made for eddy lanes revealed that in the intermixed areas, excluding the large Al and Mg fragments, the microhardness value varies from 170 to 280 HV. The large variation in the hardness recorded, could be attributed to the fine Al and Mg particles dispersed within the area.
Aside from the locally melted areas the hardness variation profile through the thickness is almost alike for all the samples. Typical hardness profile of the A A1100-AZ31 weldments is shown in Fig. 7 . The hardness values of AZ31 in the vicinity of the interface exceed 100 HV. This large value of hardness indicates huge plastic deformation occurred in this area. Due to the high pressure and strain rate involved specially in the impact zone, deformation is localized and adiabatic shear bands (ASBs) form in Mg. Slight etching of welded AZ31 brings out the high concentration of such shear bands near the bonding line. The ultrafine grain refinement within these ASBs can be accounted for such elevated hardness values. The hardness of the areas farther from the interface corresponds with the normal work hardened state of the material.
Bonding strength
The strength of the weld is a significant determining factor for evaluation of the quality of the bonding. In the static shear test conducted, failure occurs inside the A1100 layer. Furthermore, the bonding strength was almost independent from the direction of applied load with respect to the welding direction. The average of the measured shear strengths are listed in the last column of Table 1 . For the samples with smooth interface the shear strength was measured to be equal or more than that of A1100, 69 MPa. With increase in the wave size the shear strength slightly increases which presumably due to the more hardening of the near-interface AZ31 A1100 100 µm layers and increase in the interfacial contact area. The increase in the strength suggests that the local formation of the intermetallic compounds inside the molten pockets does not adversely affect static strength. However, the flaws and microcracks together with the relatively brittle compound phases could degrade the dynamic mechanical properties of the composite.
Based on the strength of the welds a so called weldability window 4) is introduced in the ðV C ; Þ plane which defines the domain of the parameters ensuring a high strength bonding. In particular, it is of great interest to determine the position of the lower boundary of this window, since the welds with minimized defects can be produced economically close to this boundary. The empirical relation V C ¼ k ffiffiffiffiffiffiffiffiffi H= p 4) was proposed to find the position of the lower limit of explosive welding in which, k is to be determined experimentally. The results of the present investigation are plotted in the Fig. 8 . The value of k, for which the aforementioned relation fits the experimental results, is around 0.85 which is in the proposed range of k ¼ 0:6{1:2. Based on the lower boundary obtained, the selection and control of the EXW conditions are remarkably facilitated.
Conclusions
Magnesium alloy AZ31 and commercially pure Al A1100 were joined successfully using explosive welding technique. The geometry of the interfacial profile of the welds obtained under low kinetic energy of flyer plate was flat while with increase in the level of flyer plate kinetic energy periodic waves appear at the interface. For the kinematical parameters beyond the wave formation transient condition eddy lanes, containing complex microstructure and minute defects, form near the ripples. The characterization of these zones by means of EDS and XRD instrumentations revealed that the metastable Al 2 Mg intermediate phase formed after the reaction of the molten Mg and Al. The brittle nature of this intermetallic compound together with the microcracks formed, although do decrease the static bonding strength, can be detrimental to the dynamic strength of the weld. The welded samples exhibited desirable shear strengths both in and transverse to the welding direction. The experimental results obtained, made it possible to suggest the lower boundary of weldability window. By selecting the regimes of EXW inside the window and close to this lower boundary, high quality of bonding can be achieved. Analysis of Explosively Welded Aluminum-AZ31 Magnesium Alloy Joints
